As part of our continuing efforts to develop methods for the redox-neutral α-C--H bond functionalization of amines,^[@ref1],[@ref2]^ we have reported on a range of transformations that achieve amine annulation ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref3]−[@ref5]^ Specifically, aldehydes with a pendent nucleophilic site undergo condensations with amines in reactions that combine reductive *N*-alkylation with concurrent oxidative α-C--H bond functionalization.^[@ref6]^ While a broad range of polycyclic amines have been accessed with this general method, in all cases, the nucleophilic site has been limited to rather activated systems including anilines,^[@cit3a],[@cit3c],[@cit3d]^ phenols,^[@cit3e]^ thiophenols,^[@cit3f]^ electron-rich aromatics,^[@cit3b]^ malonates,^[@cit3h]^ nitroalkanes,^[@cit3g]^ and ketones.^[@cit3i]^ Here, we report the first examples of redox annulations that involve alkyl azaarenes as relatively nonactivated nucleophiles.^[@ref7]^
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At least in part due to the prevalence of the pyridine nucleus in bioactive materials,^[@ref8]^ the functionalization of the alkyl group in 2-alkyl azaarenes has drawn significant attention in recent years.^[@ref9]^ The possibly earliest report on "Condensations of Methylated Quinolines and Pyridines" dates back to 1883 and describes zinc chloride promoted reactions of quinaldine and picoline with phthalic anhydride and benzaldehyde.^[@ref10]^ Recent developments include transition metal, Lewis acid, and Brønsted acid catalyzed variants in addition to additive-free reactions and catalytic enantioselective versions.^[@ref11]^

We evaluated the title reaction under a range of conditions using 2-methylquinoline-3-carbaldehyde (**1a**) and 1,2,3,4-tetrahydroisoquinoline (THIQ) as model substrates ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The optimized conditions call for using a 1:1 mixture of toluene and acetic acid as the reaction medium at a 0.1 M substrate concentration. Reflux of **1a** and THIQ (1.5 equiv) in this mixture for 1 h provided desired product **2a** in 87% yield. In the absence of acetic acid, or when using catalytic amounts of carboxylic acids, only complex reaction mixtures were observed (entries 2--4). Upon increasing the amount of the acetic acid promoter, the yield of **2a** increased gradually with concurrent reduction in reaction time (entries 5--8). An increase in acetic acid beyond the 1:1 mixture with toluene led to a slight drop in yield (entry 9). However, it is notable that the reaction can be conducted in pure acetic acid as the solvent (entry 10). A reduction in yield was also observed at higher substrate concentration (entry 11), whereas little change was observed under more diluted conditions (entry 12).

###### Reaction Development[a](#t1fn1){ref-type="table-fn"}
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  entry   deviation from optimized conditions               time (h)    yield (%)
  ------- ------------------------------------------------- ---------- -----------
  1       none[b](#t1fn2){ref-type="table-fn"}              1              87
  2       no AcOH                                           25           complex
  3       20 mol % of AcOH in PhMe                          2            complex
  4       20 mol % of BzOH in PhMe                          2            complex
  5       5 equiv of AcOH in PhMe                           3              30
  6       10 equiv of AcOH in PhMe                          3              38
  7       20 equiv of AcOH in PhMe                          1.5            57
  8       PhMe/AcOH = 3:1[c](#t1fn3){ref-type="table-fn"}   1.5            84
  9       PhMe/AcOH = 1:3[d](#t1fn4){ref-type="table-fn"}   3.5            80
  10      AcOH as solvent[e](#t1fn5){ref-type="table-fn"}   3.5            73
  11      0.2 M conc                                        1              71
  12      0.05 M conc                                       1.5            87

Reactions were performed on a 0.2 mmol scale. All yields correspond to isolated yields.

Corresponds to 87.5 equiv of AcOH.

44 equiv of AcOH.

131 equiv of AcOH.

175 equiv of AcOH.

The scope of the amine annulation with alkyl azaarenes is outlined in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}.^[@ref12]^ 2-Methylquinoline-3-carbaldehydes possessing a range of electron-withdrawing or electron-donating substituents on different ring-positions of the quinoline core readily underwent annulation with THIQ to provide products **2** in consistently good yields. Replacement of the methyl group in **1a** with benzyl or ethyl was also tolerated. These reactions were moderately diastereoselective. Replacement of the aldehyde in **1a** with a methyl ketone also allowed for the synthesis of the corresponding annulation product. 2-Alkylpyridine-3-carboxaldehydes, which are typically less reactive than their corresponding quinoline counterparts, also participated in annulation reactions with THIQ. These reactions were performed in acetic acid as the only solvent. In addition, amines other than THIQ underwent reactions with **1a**. Finally, 1-phenyl-THIQ and the corresponding 1,2,3,4-tetrahydro-β-carboline participated in redox annulations with **1a** to provide products possessing a tetrasubstituted stereogenic center at the site of C--C bond formation.
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Compared to 2-alkyl azaarenes, the corresponding 4-alkyl azaarenes are less activated. In fact, few previous reports have targeted this class of compounds with regard to alkyl group functionalization.^[@cit11b],[@cit11v]^ Gratifyingly, conditions optimized for **1a** and its analogues proved to be suitable for the redox annulation of 4-methyl azaarenes ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). Interestingly, 4-methylpyridine-3-carboxaldehyde provided higher yields than the corresponding quinoline derivative.
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The reaction of **1a** with pyrrolidine, an amine that is less reactive than THIQ in most redox reactions,^[@ref3]−[@ref5]^ required modified reaction conditions (5 equiv of amine) and elevated temperatures ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}). Product **5** was obtained in 59% yield. We have previously shown that decarboxylative variants of certain amine α-C--H bond functionalization reactions can offer advantages with regard to reaction setup and product yields.^[@cit3b],[@cit3d],[@ref13],[@ref14]^ Indeed, decarboxylative condensation of **1a** with proline in acetic acid provided product **5** with an improved yield of 70% ([eq 2](#eq1){ref-type="disp-formula"}).

The overall mechanism of the redox annulation likely shares many features with previously reported redox transformations ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}).^[@ref6]^ Accordingly, acetic acid promoted condensation of **1a** and THIQ is expected to give rise to the initial formation of *N*,*O*-acetal **6**. This species can undergo loss of AcOH to form azomethine ylide intermediate **7**. The latter reengages AcOH to form a regioisomeric *N*,*O*-acetal that can interact with acetic acid via **8**.^[@cit11l],[@cit11q]^ Acetic acid promoted tautomerization to proposed intermediate **9** is followed by ring closure with loss of AcOH to ultimately form product **2**.

![Proposed Mechanism](ol-2017-01047f_0005){#sch4}

In summary, we have achieved redox annulations of amines with various alkyl azaarenes. Acetic acid acts as the sole promoter of these reactions, which proceed with dual C--H bond functionalization.
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